Abstract The aim of this study was to investigate the effect of dietary fat on the time course of changes in fat absorption and tissue and plasma lipid composition in a rat model of short bowel syndrome (SBS). Male Sprague-Dawley rats underwent either a bowel transection with re-anastomosis (Sham rats) or 75% small bowel resection (SBS rats). Animals were randomly assigned to one of three groups: Sham rats fed normal chow (Sham-NC), SBS rats fed normal chow (SBS-NC), or SBS rats fed a high-fat diet (SBS-HFD). Rats were sacrificed on day 3 or 14. Body weight, food intake, food clearance (dry fecal mass), and fat clearance (total fecal fat) were measured twice a week. Fat and energy intakes were calculated according to the amount of ingested food. Food and fat absorbability were calculated as intake minus clearance and were expressed as percent of intake. Serum cholesterol, triglyceride, and albumin were measured. Total lipid composition of the liver, epididymal adipose tissue, and the small intestine was determined. Statistical analysis was performed by a Student's test, with p values <0.05 considered significant. Both food and fat absorbability diminished after bowel resection in rats fed NC. This was accompanied by a decrease in body weight gain, plasma triglyceride and protein levels, and total lipid content of the liver at day 3 and of a decrease in adipose tissue at day 14 following operation. SBS-HFD rats experienced a significant increase (p <0.05) in food absorbability after 7 days and fat absorbability after 3 days compared with Sham-NC and SBS-NC rats (p <0.05), as well as increases in serum cholesterol, triglycerides, and glucose compared with SBS-NC rats. On day 14, plasma lipid levels in SBS-HFD rats were not different from SBS-NC or control rats; however, albumin levels were higher. A high-fat diet increased total fat content of the liver early after operation. In conclusion, in a rat model of SBS, an early high-fat diet increased the absorptive capacity of the intestinal remnant as seen by increased food and fat absorbability. These findings suggest a benefit of a highfat diet on intestinal adaptation in general and on lipid absorption in particular.
Introduction
Short bowel syndrome (SBS) is a condition characterized by a loss of intestinal length or competence, resulting in a diminished ability to digest and absorb a regular diet [1] . Many authors have stated that a loss of 50% or more of small bowel length produces SBS [2, 3] . Although the ability to absorb many nutrients is decreased following resection, lipid absorption is generally considered the most vulnerable [4, 5] . The combined loss of absorptive surface area and compromised enterohepatic circulation [6] , decreased bile acid pool [7, 8] and decreased pancreatic lipase secretion [9, 10] results in steatorrhea and inefficient fat absorption. Therefore, patients with SBS have been considered to benefit from a low-fat diet early in the course of therapy [2] .
Enteral feeding is one of the major trophic factors in stimulating intestinal adaptation after small bowel resection [11] . However, not all nutrients have equal stimulating trophic effects. Among the factors promoting post-resection intestinal adaptation, long-chain fatty acids are considered the most effective [12] . It has been reported that animals with SBS receiving a diet deficient in essential fatty acids have significantly impaired intestinal mucosal hyperplasia [13] . Over the past decade, significant research has focused on the influence of long-chain fatty acids on intestinal adaptation in general [4, 12, 13, 14] . Relatively little attention has been given to the effects of dietary lipids on lipid absorption in the very early postoperative period after bowel resection. In the present study, we investigated the effects of dietary fat on the time course of fat clearance, fat absorption, and concomitant changes in plasma and tissue total lipid composition in rats following massive bowel resection.
Materials and methods
Male Sprague-Dawley rats weighing 250-320 g were maintained in a controlled environment (22 o C with a 12-h light/dark cycle) and were given free access to water and standard rat chow (Research Diets, New Brunswick, NJ, USA). After an overnight fast, animals were anesthetized with sodium pentobarbital (45 mg/kg) administered intraperitoneally. Under sterile conditions, the abdomen was opened by midline incision. For SBS, a 75% resection was performed, preserving the vascular arcade and leaving 5 cm of proximal jejunum and 10 cm of distal ileum. Intestinal continuity was restored by an end-to-end single layer anastomosis using interrupted 6/0 silk sutures (Ethicon, Somerville, NJ, USA). For Sham animals, the intestine was divided and re-anastomosed without resection. For all operations, the abdominal cavity was closed in two layers with running suture of 3/0 Dexon (Davis & Geck, NY, USA). Antimicrobial cream with pramoxine HCl (Mycitracin Plus, Johnson & Johnson, Skillman, NJ, USA) was applied to the incision for topical pain relief.
Following laparotomy, all animals had access to water for the first 24 h following operation. Rats were then given normal (10% kcal fat) or high-fat (50% kcal fat) diets and water ad lib for 3 or 14 days until sacrifice (Table 1) The rats were randomly assigned to one of three groups: (1) Sham-operated control rats fed normal chow (Sham-NC), (2) rats with SBS fed normal chow (SBS-NC), or (3) rats with SBS fed a high-fat diet (SBS-HFD).
Following operation, body weight and unconsumed food were weighed twice weekly. Food intake was calculated and expressed as g/day. Feces from each animal was collected during the 14 days of the experimental period, weighed, and frozen at )18°C until analysis. To determine total fecal lipid, a sample of wet feces was emulsified and acidified with hydrochloric acid (pH <3), 5 ml ethanol was added, and the mixture was extracted with 20 ml of petroleum ether. Two additional extractions with 20-ml portions of petroleum ether were performed. The petroleum ether was evaporated in a steam bath, the lipid extract was dried in a vacuum desiccator overnight, and the residue was weighed [15] .
Energy and fat intake were calculated according to the amount of ingested food. The difference between the amount of food consumed and the amount of the dry feces was used as an estimate of absorbability [12] . The difference between the total mg of fat ingested and the total mg of fat remaining in the dry feces represented fat absorbability as previously described by other investigators [5, 16, 17] .
The rats were anesthetized with intraperitoneal sodium phenobarbital (45 mg/kg) and sacrificed by open pneumothorax on day 4 or 15 of the experiment. Blood samples for cholesterol, triglycerides, albumin, and glucose were obtained through immediate direct cardiac puncture. The blood was transferred to heparinized tubes, and plasma samples were obtained by centrifugation and stored at )80ºC. The plasma concentrations of cholesterol, triglycerides, glucose, and total protein were measured spectrophotometrically using commercially available kits (Sigma, Kit # 352, 339, 16-UV and Bio-Rad, Protein Assay).
The heart, liver, kidneys, adrenal glands, lungs, brain, spleen, and testes were quickly removed, rinsed with water to remove remaining blood, blotted dry, and weighed. Total tissue lipid was measured in the liver, ileum, and white adipose tissue of the epididymis by the method of Bligh and Dyer [18] . Briefly, after homogenization, total lipids were extracted with chloroformmethanol (1:2, v/v). The aqueous phase was aspirated and discarded, and the neutral lipids (chloroform phase) were transferred and then dried under nitrogen and weighed.
Statistical analysis
To assess the effect of bowel resection, SBS-NC rats were compared with Sham-NC rats. To determine the effect of a high-fat diet, SBS-HFD rats were compared with SBS-NC rats. Animal and tissue weights were expressed as mean value ± SEM. One-way ANOVA coupled with Duncan's multiple range tests were used to identify significant differences due to diet type ( p values <0.05 were considered significant). When two groups of data were being compared, a Student's test was used.
Results

Body and organs weight
The animal weights at the onset of feeding were similar in all treatment groups (240-250 g). As expected, the Sham-operated control rats gained weight immediately after the operation, whereas the SBS animals lost weight after intestinal resection and then remained constant for the first 3 days. After the 3rd postoperative day, the two groups of SBS rats gained weight similarly. There was a significant difference in the final weights between SBS and Sham rats, but no significant difference between SBS rats fed the two diets ( Fig. 1) .
At sacrifice, the weights (mg/g body weight) of the heart, lungs, liver, kidneys, spleen, and brain did not vary significantly among the groups (Table 2) . However, the mean weight of the adrenals and testes significantly increased in the first 3 days in SBS rats compared with Sham-NC control animals. Following exposure to a high-fat diet for 14 days, SBS rats demonstrated an [19] were not seen in the first 2 weeks after small bowel resection.
Energy intake, food, and fat balance Energy intake decreased significantly in SBS rats compared with the control group (Fig. 2) . In the SBS animals, exposure to a high-fat diet did not affect total energy intake. Food intake was decreased in SBS-NC rats compared with Sham-operated control animals on days 3 and 14 ( Fig. 3) . However, food clearance (dry fecal mass) remained unchanged. By days 3 and 14, food absorbability decreased following massive bowel resection compared with Sham-NC rats, suggesting generalized malabsorption. Although both food intake and clearance decreased following exposure to a high-fat diet, the decrease of food clearance was more significant. Food absorbability in the SBS-HFD rats, therefore, was significantly greater on days 3 and 14 compared with the rats fed normal chow, suggesting that a high-fat diet improves generalized malabsorption in this model.
In accordance with food intake, a small but significant decrease in fat intake was seen in SBS-NC rats compared with the Sham-NC group (Fig. 4A) . However, SBS-NC rats demonstrated a more marked increase in fat clearance on days 8-11 and 12-14 ( Fig. 4B) . Consequently, fat absorbability decreased following bowel resection in rats fed normal chow compared with their control counterparts, suggesting specific fat malabsorption (Fig. 4C) . In contrast, rats fed the high-fat diet had significantly higher fat absorbability than both Sham-NC and SBS-NC rats throughout the study period, again suggesting that HFD improves lipid absorption.
Plasma lipids, glucose, and protein Serum cholesterol, triglyceride, glucose, and protein levels at days 3 and 14 of dietary treatment are shown in Table 3 . The SBS-animals fed normal chow had significantly lower plasma triglyceride and protein levels in the first 3 days than did Sham-NC rats. Also at day 3, SBS-HFD animals showed increased plasma cholesterol and increased triglyceride concentrations compared with Sham-NC and SBS-NC rats. SBS-HFD rats also had higher plasma protein levels compared with SBS-NC animals at day 3. In contrast, by 14 days following operation, plasma lipid and glucose levels were unaffected by bowel resection or diet. However, plasma protein concentration remained decreased in SBS-NC rats compared with Sham-NC animals. Resected animals fed a high-fat diet for 14 days had significantly higher plasma protein levels than SBS-NC rats but had persistently lower protein levels compared with Sham controls.
Tissue lipids
The total lipid composition of the liver, ileal wall, and white adipose tissues of the epididymis is shown in Table 4 . Compared with Sham-NC rats, SBS-NC rats had significantly lower total liver lipids at day 3 and significantly lower epididymal fat pad lipids on day 14 following operation. The SBS-HFD rats had a higher total liver lipid content than the SBS-NC rats on day 3.
Tissue lipids from SBS-HFD rats were otherwise not statistically different from Sham-NC or SBS-NC rats on day 3. Exposure of SBS rats to a high-fat diet for 14 days resulted in a statistically significant increase in ileal wall lipid compared with Sham-NC rats, and a significant increase in epididymal white adipose lipids compared with SBS-NC rats.
Discussion
In SBS the bowel's ability to digest and absorb enteral nutrients is impaired, with lipid absorption generally considered the most compromised, leading to clinical problems such as malnutrition and steatorrhea [5, 20, 21] . The initial management of patients with SBS typically involves total parenteral alimentation, followed by gradual introduction of enteral feedings. It is well documented that exposure to intraluminal nutrients is required for stimulation of intestinal adaptation in general and for mucosal hyperplasia in particular [22, 23] . Therefore, many experts in the management of SBS recommend enteral feeding attempts as early as possible [16] . However, dietary recommendations in SBS are controversial, ambiguous, and subject to rapid varia- tions. Patients with SBS are often given elemental diets containing medium-chain lipids during the early stages of enteral feeding. Fats contain the highest caloric density compared with other nutrients; however, long-chain saturated fats are considered the least well tolerated nutrient in SBS [1] . Absorption studies indicate that infants with SBS may have prolonged fat and bile acid malabsorption, with low serum levels of vitamin D and cholesterol but a normal absorptive capacity for other nutrients such as carbohydrates and amino acids [24] . Many authors have documented reduced fat absorption in older patients with SBS. Woolf et al. [25] studied eight patients with SBS who were clinically stable for at least 1 year and determined that fat absorption continued to be 54% of normal. Schwartz et al. described five patients who, after bowel resection, absorbed only about half of normal dietary fat intake [26] . As a consequence, widespread clinical practice is to avoid dietary fats in patients after massive small bowel resection. Paradoxical to the observation that dietary fat is the least well tolerated nutrient early in SBS is the evidence that long-chain fats appear to be more effective stimulators of intestinal adaptation than either medium-chain fats or carbohydrates [12] . Therefore, several investigators have recommended adding long-chain fatty acids to diets of patients with SBS [12, 13, 14] . Although the role of long-chain fats in intestinal adaptation after bowel resection has been studied, relatively little attention has been given to in vivo metabolism of ingested fat in general. In addition, no study has investigated the effect of dietary fat intake on specific intestinal lipid absorption in the early postoperative period. Singh et al. studied adaptive changes in the small bowel in normal rats in response to increased lipid content of the diet and revealed that a high-fat diet increased uptake and reesterification of digested lipid by the small intestine [27] .
In this work we studied the early effects of massive small bowel resection and a high-fat diet on intestinal lipid absorption using a rat model of SBS. In addition, in order to gain insight into the in vivo metabolic consequences of a high-fat diet in the setting of SBS, we evaluated several nutritional and metabolic parameters, including plasma cholesterol, triglycerides, glucose, and protein and tissue lipid content.
In our experimental model, massive bowel resection in rats fed normal chow produced a significant decrease in food absorbability, suggesting food malabsorption, and a decrease in fat absorbability, suggesting fat malabsorption compared with control animals. Decreased body weight gain and significantly decreased plasma triglycerides and protein levels accompanied the changes in food and fat absorption rates, signifying in vivo metabolic alterations secondary to SBS. In addition, SBS-NC rats demonstrated lower liver total lipid levels at postoperative day 3 and lower adipose lipid at day 14, compared with the Sham-NC group. These findings suggest increased lipid metabolism (liver) and mobilization (adipose) to meet SBS nutritional demands as a consequence of decreased intestinal nutrient absorption. These observations comparing control Sham-NC animals with SBS-NC animals validate this model as an acceptable model of SBS for our particular study. In our study, early exposure of SBS animals to a high-fat diet led to a decrease in total food intake compared with SBS animals receiving a normal chow diet. More notable was the finding that total food absorbability was significantly increased in SBS-HFD rats compared with SBS rats fed NC as well as Sham-NC control animals. As a result of increased absorbability and a higher caloric content in the high-fat diet, energy intake and weight gain were not significantly different between SBS-HFD animals and SBS rats fed normal chow. Interestingly, we also found that by day 14, brain and testis weights increased significantly in SBS-HFD compared with SBS-NC and Sham-NC animals. In addition, both SBS-HFD and SBS-NC rats demonstrated increased adrenal and testis weights at the 3rd day following bowel resection compared with Sham-NC controls. The implications of these observations are uncertain; however, changes in tissue mass have never been studied in a rat model of SBS. Roshanai and Sanders reported that a 40% kcal fat diet decreased the average liver mass in normal rats compared with rats fed normal chow [28] . Piche and Mahadevappa reported that the mean weight of the kidneys from rats fed a diet rich in highly unsaturated fatty acids was significantly higher than from those fed other diets [29] . Our results suggest that an early effect of bowel resection or SBS is increased adrenal and testis weights and that an effect of a high-fat diet in the setting of SBS is increased brain and testis weights.
Fat absorbability in SBS-HFD animals increased immediately after bowel resection and continued to increase during the time course of the experiment. These animals also demonstrated increased plasma and liver lipid content at day 3, increased adipose tissue lipid at day 14, and increased plasma protein levels at both days 3 and 14 following operation. These results suggest that with exposure to increased dietary fat, the remaining bowel, after massive resection, responds in an effort to increase intestinal lipid absorptive capacity. Furthermore, increased lipid absorption in the setting of SBS appears to alter in vivo metabolic parameters in favor of early (day 3) lipid utilization and perhaps subsequent (day 14) lipid storage. Specific information about in vivo lipid metabolism in the setting of SBS (such as lipoprotein synthesis by the liver, fatty acid oxidation by muscle, or fatty acid esterification by adipocytes) is not provided by our study. However, our results set a foundation for further study on the effects of dietary fat on intestinal adaptation in SBS in general and on intestinal lipid absorption and physiologic in vivo lipid metabolism in particular.
In conclusion, in a rat model of SBS, an early high-fat diet appears to augment and accelerate functional parameters of intestinal adaptation. This is evident by increased intestinal total food and lipid absorption in SBS animals fed a high-fat diet compared with those fed normal chow. Increased nutrient absorption by the intestine is expected to have a positive metabolic impact on patients with SBS. These findings suggest that the early use of a high-fat diet in patients with SBS may enhance intestinal function and overall metabolic well being.
